and 'Braebum' apples to CO2-injury is the highest during the first weeks of CA storage after harvest, and delaying CA establishment or CO2 accumulation during CA reduces the incidence of this disorder (Elgar et al., 1998; Argenta et al., 2000) . Such CA-and CO2-delay procedures can result in some loss of firmness and acidity compared with rapid CA, and the period of delay required for effective reduction of COrinjury may vary depending on the season and orchard (Argenta et al., 2000) . The development of CO 2 injury in Braeburn (Burmeister and Roughan, 1997) and Fuji apples (Argenta et al., 2002) is prevented by diphenylamine treatment prior to storage.
Treatment with the ethylene action inhibitor I-MCP (Sisler and Blankenship, 1996) delays deterioration of texture and flavor attributes and prevents senescent internal disorders (including core flush) in air-stored 'Fuji' apples (Fan et al., 1999a, b) . The combination of I-MCP and CA can provide additional effects compared to CA alone for firmness and TA retention depending on the cultivar and storage period (Watkins et al., 2000; Mattheis et al., 2005) .
Jasmonates (jasmonic acid and methyl jasmonate, MJ) are plant growth regulators that may have a role in modulation of climacteric fruit ripening (Fan et al., 1998a) . In contrast to effects of I-MCP, exogenous applications of jasmonate can promote apple fruit ripening by increasing ethylene production (Fan et al., 1997) . The impact of jasmonates on responses of 'Fuji' and 'Braeburn' apples to CA regimes and development of CO 2-injury has not been established.
The present study evaluated how post-harvest treatment with I-MCP or MJ impact responses of 'Fuji' and 'Braeburn' apple fruit to CA storage conditions, including low or high CO 2 -and ultra low OrCA.
MATERIALS AND METHODS

Fruit and Storage Conditions
'Fuji' and 'Braeburn' apples (Malus <domestica Borkh.) fruit were harvested from a commercial orchard in north central Washington. Fruit were cooled to 0.5°C within 36 h of harvest and then stored in air or semi-static CA chambers (Argenta et al., 2002) with 2 kPa O2+ 0.05 kPa CO 2 ; 0.25 kPa O 2 + 0.05 kPa CO 2 or 2 kPa O 2 + 3 kPa CO 2 for up to 6 months. CA conditions were established in 72 h of harvest. The low CO 2 (:S0.05 kPa) CA was maintained by placing 0.1 kg hydrated lime (Ca(OH)2) per kilogram of fruit in the low CO 2 CA chambers.
MJ and I-Mep Treatments
MJ: Fruit were dipped into deionized water (control) or 2 mM MJ (Bedoukian Research, Danbury, CT) for 2 min and then air dried. Both treatments included 0.02% (v/v) Tween 20. I-MCP: Fruit contained in an 850 L sealed steel chamber in a cold storage room at 0.5°C were exposed for 12 h to I /l1-L-1 I-MCP generated from EthylBloc (BioTechnology for Horticulture Inc., Burr Ridge, II) in a 150-ml flask. I-MCP gas was pumped from the flask into the chamber via a closed loop. I-MCP concentrations in headspace gas samples collected during treatment were determined by gas chromatography using a l-butylene standard (Fan et al., 1999b) .
Fruit Analysis
Fruit maturity and quality were evaluated at harvest and following 7 days at 20°C after removal from cold storage. Measurement of flesh firmness, starch-iodine index (1-6: 1, full starch; 6, all starch cleared), titratable acidity (TA), soluble solids content (SSC) and internal ethylene concentration (lEC) were as previously described (Argenta et al., 2002) . Watercore and COrinjury were visually scored on fruits cut through the equator. Watercore severity was rated using a scale from I=no watercore to 4= severe watercore. The severity of CO 2-injury (brown-heart) and 'Braeburn' browning disorder (BBD) were scored as: 1) clear, 2) 1 to 30%, 3) 31 to 60%, or 4) >60% of cortex brown. Core flush was visually assessed as clear (1) 
Experimental Design and Data Analysis
The experiments were conducted using a completely randomized design with 20 fruit replicates per storage period per treatment for each maturity and quality attribute measured. Data were subjected to ANOVA using SAS (SAS Institute, Raleigh, NC) and means between treatments were separated using Fisher's least significant difference (LSD), p=0.05%.
RESULTS AND DISCUSSION
Maturity at Harvest
Maturity indices estimated at harvest indicated that fruit were at acceptable maturity for long-term storage although means for 'Fuji' apple internal ethylene concentration (lEC), starch rating and watercore score were high (Table 1) .
Effects of CO 2 and O 2 Levels
Storage in CA storage slowed fruit ripening as indicated by lower lEC, higher firmness and titratable acidity (TA) for both cultivars (Tables 2 and 3 ) and reduced incidence of core flush in 'Fuji' compared with fruit stored in air.
'Fuji' apple responses to CA increased with CO 2 concentration (Table 2 ).
However, high CO 2 CA (2 kPa O 2 + 3 kPa CO 2 ) also slowed watercore dissipation. 'Fuji' apples stored in high CO 2 CA developed brown-heart (C0 2-injury) while fruit stored in ULO (0.25 kPa O 2 + 0.05 kPa CO 2) , low CO 2 CA (2 kPa O2 + 0.05 kPa CO 2) or air did not. These results confirm previous studies indicating that 'Fuji' apples are susceptible to CO 2-injury when stored in high CO 2 (> I kPa) atmospheres but tolerant to low O 2 storage conditions if CO 2 is held below I kPa (Argenta et aI., 2002). Increased CO 2 from 0.05 kPa to 3 kPa or by reduced O 2 from 2 kPa to 0.25 kPa did not enhance retention of firmness or titratable acidity in 'Braeburn' apples (Table 3) .
However, the severity of 'Braeburn' browning disorder (BBD) was the highest when fruit were stored in 3 kPa CO 2 . Contrary to results with 'Fuji', 'Braeburn' also developed internal browning (BBD) during air-and low CO 2 CA-storage. Our results are consistent with a previous report indicating increased CO 2 over a range of 0 kPa to 5 kPa and/or reduction of O 2 over a range of 5 kPa to I kPa results in greater incidence and severity of BBD without significantly enhancing firmness retention (Elgar et aI., 1998).
Interactive Effects of CA and I-MCP
Treatment with 1-MCP reduced ethylene production and delayed loss of firmness and TA in air-stored fruit (Tables 2 and 3 ). I-MCP-treated 'Fuji' and 'Braeburn' apples stored in air had similar or higher firmness but similar or lower TA than untreated fruit stored in CA after 6 months, regardless of CA regime. Similar to CA alone, I-MCP treatment resulted in reduced incidence of core flush in 'Fuji' apples. Additive effects of I-MCP treatment followed by CA for reduction of lEC and retention of firmness and TA were cultivar and CA regime dependent. However, beneficial effects of I-MCP were, in general, less evident in CA-than in air-stored fruit. 'Fuji' apples treated with l-MCP were 7.3 N firmer than controls when stored in air and 3.8 to 7.2 N firmer than controls when stored in low CO 2 CA (0.25 kPa or 2 kPa O2 + 0.05 kPa CO 2 ) . Treatment with I-MCP did not enhance retention of firmness or acidity for 'Fuji' apples stored in CA with 3 kPa CO 2 although this treatment combination resulted in lower lEC (Table 2) . 'Braeburn' apples treated with I-MCP were 17.3 N firmer than controls when stored in air and 9.3 to 12.2 N firmer than controls when stored in CA. These results are consistent with previous studies where I-MCP effects on firmness and TA were comparable to those of CA after 20 to 24 weeks storage and lesser in CA-than in air-storage for 'Delicious' (Watkins et aI., 2000) , 'Granny Smith' (Zanella, 2003) and 'Gala' (Mattheis et aI., 2005) .
CA and I-MCP treatment effects on firmness and TA were greater after 6 months compared to 3 months (data not presented) for both cultivars. The impact of both CA and I-MCP on SSC for both cultivars was sm!lll and no~consistently signific~nt. .. , I-MCP treatment did not significantly Impact the rate of FUJI watercore dissipation or development of C02-inj~ry. (Table 2) . Ho~ever, mor~recent results indicate impacts of I-MCP treatment on incidence and seventy of CO2-InJury and delay of watercore dissipation in 'Fuji' apples may be orchard and season dependent (Argenta, unpublished data). For 'Braeburn' apples, treatment with l-MCP did not affect severity of BBD when fruit were stored in high C02 (3 kPa) CA; however, l-MCP treatment enhanced severity of BBD in fruit stored in air or low CO 2 CA regimes (Table 3) .
Severity ofBBD increased between 3 and 6 months only for l-MCP treated fruit stored in CA with low C02 (data not presented). Additionally, CA-and COrdelay procedures are less effective for prevention of COrinjury of 'Fuji' apples treated with l-MCP compared with untreated fruit (Argenta et aI., 2001) . These results indicate that l-MCP treatment may extend the period after harvest when fruit are more susceptible to internal CO 2-injury. l-MCP treatment may also enhance development of external CO2-injury in 'Empire' and 'McIntosh' apples stored in CA (DeEll et aI., 2003) .
Interactive Effects of CA and MJ
Fruit responses to MJ treatment were dependent on cultivar and storage environment. For 'Fuji', fruit treated with MJ had lower IEC compared to controls when stored in air or low CO 2 CA; however, IEC was higher relative to controls when MJ treated fruit were stored in high CO 2 CA (Table 2 ). MJ treated fruit had lower hue values, TA and enhanced dissipation of water core compared to controls but MJ treatment had no effect on fruit firmness regardless of storage condition (Table 2) . These results are similar to those of previous studies with 'Fuji' apples where jasmonate treatment increased respiration, promoted fruit degreening and loss of TA compared to controls while firmness and SSC were not affected (Fan et aI., 1998b; Fan and Mattheis, 1999) . 'Braeburn' fruit treated with MJ had higher IEC (regardless of storage condition), similar or lower hue and TA and similar or higher firmness (depending on storage condition) compared to untreated controls (Table 3) .
For both 'Fuji' and 'Braeburn', fruit treated with MJ treatment had reduced severity of Carinjury when stored in high CO 2 CA; however, MJ treatment did not affect development of this disorder in fruit stored in air or low O 2 CA.
Results indicating MJ increases IEC and reduces CO 2-injury when fruit are exposed to a high C02 CA while I-MCP reduces IEC (Tables 1 and 2 ) and enhances CO 2-injury in low CO 2 CA (Table 2) or in delayed CA with high CO 2 (Argenta et aI., 2001) suggest a role of endogenous ethylene in CO 2 sensitivity. Pre-harvest treatment with the ethylene synthesis inhibitor ReTain also enhances susceptibility of apple fruit to COrinjury (DeEll et aI., 2003) . However, late harvested 'Fuji' apples with high IEC and a high incidence of severe watercore are more susceptible to CO 2 injury (Argenta et aI., 2002) indicating that the influence of ethylene on incidence of CO 2-injury is complicated by developmental stage at harvest and incidence of watercore. Therefore it remains unclear whether I-MCP and MJ effects on COrinjury occur via interaction with ethylene.
In conclusion, 1-MCP treatment enhanced internal CO 2-injury in 'Braeburu' apples stored in air or low CO2 CA while MJ treatment decreased susceptibility of 'Braebum' and 'Fuji' to CO 2-injury when stored in a high C02 CA atmosphere. Benefits of CA atmospheres on retention of fruit quality were less for fruit treated with l-MCP. Treatment with l-MCP followed by storage in air or CA with 2 kPa O 2 and low (::;0.05 kPa) CO 2 may be a practical strategy to enhance retention of firmness and acidity with minimum development of CO2-injury in susceptible cultivars such as 'Fuji' and 'Braebum '. Table 3 . 'Braebum' apple quality after 6 months storage. Fruit were treated at harvest with I 1l1-L-1 I-MCP or 2 mM methyl jasmonate (MJ). Fruit were stored in air or in CA at 0.5°C for 6 months plus 7 days ripening at 20°C prior to analysis. 
